The phosphorylation pattern of simian virus 40 (SV40) large tumor (T) antigen purified from insect cells infected with a recombinant baculovirus was compared with that reported previously for T antigen from SV40-infected monkey cells. The specific activity of metabolic phosphate labeling of baculovirus T antigen was reduced, and the phosphopeptide map of the baculovirus protein, while qualitatively similar to that of lytic T, revealed several quantitative differences. The most striking difference was the prominence in the baculovirus map of peptides containing phosphothreonine 124. These peptides are known to arise from other phosphopeptides upon dephosphorylation of neighboring serines, suggesting that baculovirus T may be underphosphorylated at these serines and perhaps other sites. Functional assays used to further investigate the phosphorylation state of the baculovirus protein included SV40 DNA binding after enzymatic dephosphorylation with alkaline phosphatase and after phosphorylation by a murine homolog of cdc2 protein kinase. The results imply that baculovirus T antigen is underphosphorylated, in particular at those serine residues whose phosphorylation is responsible for down regulation of DNA-binding activity at site II in the core origin of DNA replication. In contrast, no evidence for a functionally significant underphosphorylation at threonine 124 could be found.
Numerous eucaryotic regulatory proteins are phosphoproteins whose activities are or could, in principle, be controlled by their phosphorylation state, which in turn reflects the accessibility of the protein to protein kinases and phosphatases present and active in the cell at the same time and place. Clearly, the possibilities for sophisticated control are overwhelming but are not yet well understood. Viral regulatory proteins, whose phosphorylation sites have been mapped and in many cases mutated specifically and correlated with biochemical and biological analysis of their function, represent an experimentally advantageous system for probing the complexities of protein phosphorylation. Simian virus 40 (SV40) large tumor (T) antigen, a multifunctional regulatory protein, carries multiple phosphoserine and phosphothreonine residues clustered in two regions in the amino and carboxy termini of the protein (17, 31, 43, 45) . A subset of these sites can be phosphorylated by cytoplasmic protein kinases, whereas maximal phosphorylation also requires nuclear kinases (33) . The phosphate groups associated with the protein were found to turn over faster than the protein, but with different half-lives: longest for the two threonines that can be phosphorylated by cytoplasmic kinases, and shortest for the serines phosphorylated in the nucleus (3, 30, 46) . Among the differentially phosphorylated subclasses of T antigen, underphosphorylated T antigen is associated with a high specific activity of SV40 DNA binding (4, 5, 7, 10, 29, 32, 34, 35, 39, 40) . Furthermore, enzymatic dephosphorylation of the protein increases its SV40 DNA-binding activity on site II and its activity in an SV40 DNA replication assay in vitro (9, 16, 23, 47) . These data strongly suggest that protein phosphorylation is involved in the regulation of T antigen function.
Recently, a series of SV40 mutants, in which each phos-* Corresponding author. phorylated amino acid was replaced by alanine or cysteine, was constructed to study the role of phosphorylation in the functions of T antigen in vivo (36) . Analysis of the biological and biochemical functions of the mutant proteins indicated that phosphorylation of serine 106 and threonine 701 was dispensable. Mutations at each of the other sites affected SV40 DNA replication activity or altered origin DNAbinding specificity or both, consistent with the view that differential phosphorylation of T antigen regulates its functions.
Development of a more complete understanding of how the phosphorylation state of the protein controls its function will depend on our ability to prepare homogeneous subclasses of the protein with defined phosphorylation states. We and others have expressed and characterized unphosphorylated bacterial T antigen and T-antigen peptides (1, 41) , which will be useful as substrates for purified protein kinases in vitro. However, the full-length bacterial T antigen bound very poorly to site II in the SV40 core origin of DNA replication (1, 22; Hoss and Arthur, unpublished data) and showed little activity in replication of SV40 DNA in vitro (20, 22) . Recently, a peptide containing the N-terminal 259 amino acids of T antigen was shown to be uniquely phosphorylated at threonine 124 by a human homolog of the fission yeast kinase cdc2 (20) . Kinase treatment of the peptide and the full-length protein increased SV40 DNAbinding activity on site II, and preincubation of bacterial T antigen with cdc2 protein kinase prior to addition of the other components of an in vitro DNA replication assay resulted in increased replication activity.
The baculovirus system offers several advantages over bacteria for efficient expression of SV40 T antigen (19, 24, 26 (28) were maintained in Dulbecco modified Eagle medium supplemented with 5% fetal calf serum (GIBCO, Eggenstein, Federal Republic of Germany). Spodoptera frugiperda cells (Sf9) were obtained from Dagmar Knebel and Walter Doerfler, Institute for Genetics, Cologne, Federal Republic of Germany, and maintained in monolayer cultures at 27°C in TC-100 insect cell medium (6) supplemented with 10% fetal calf serum (Seromed, Berlin, Federal Republic of Germany). Propagation of SV40 and infection of TC7 monkey cells were described previously (31) . Recombinant baculovirus able to express SV40 T antigen (941T), generously provided by Robert Lanford (19) , was propagated as described previously (42) . Hybridomas (PablOl, PablO8, and Pab419) (11) (12) (13) and their culture were described previously (36) . Immunoglobulins were purified by ammonium sulfate precipitation and affinity chromatography using a commercial kit (MAPS; Bio-Rad, Munich, Federal Republic of Germany).
Expression and purification of T antigen from 941T-infected Sf9 cells. Sf9 cells in 250-ml tissue culture flasks (9, 11, 12) were infected with recombinant baculovirus at a multiplicity of 10 PFU per cell. After 36 to 40 h, when T antigen accumulation was optimal, the cells were washed, cell extract was prepared (19) , and T antigen was purified by immunoaffinity chromatography essentially as described previously (38) , except that the immunosorbent was PablOlSepharose prepared by using Tresyl-activated Sepharose 4B (Pharmacia, Freiburg, Federal Republic of Germany) as recommended by the supplier. The immunoadsorbed T antigen was washed twice with 50 mM Tris hydrochloride (pH 7.5)-150 mM NaCl-5 mM EDTA-0.05% Nonidet P-40 and once with 10 mM Pipes [piperazine-N-N'-bis(2-ethanesulfonic acid)]-NaOH (pH 7.0)-5 mM NaCl-0.1 mM EDTA-10% glycerol. T antigen was eluted at pH 10.8, neutralized immediately with 0.1 volume of 0.5 M PIPES (pH 7.0) as described previously (38) , and stored in aliquots in 10% glycerol at -70°C. Protein concentration was estimated by using a dye-binding assay (Bio-Rad) calibrated with bovine immunoglobulin. Between 1 and 2 mg of purified T antigen was obtained from each preparation.
Expression and purification of bacterial T260. A culture of JM103 carrying a pUC9-derived plasmid encoding an aminoterminal T antigen peptide (T260) with a stop codon at amino acid 260 (1) was induced with 2 mM isopropyl-p-D-thiogalactoside essentially as described previously (1) . Cell lysis and purification of the T260 peptide were carried out as described previously (1, 15 (19, 24) .
The phosphorylation of baculovirus T antigen was initially compared with that of T antigen from monkey cells by measuring the specific activity of metabolic 32PO4-labeling. Cosl acrylamide gel electrophoresis and silver staining (Fig. 1A) . The gels were dried, and phosphate-labeled T antigen was detected by autoradiography (Fig. 1B) . Comparison of the intensity of silver staining with phosphate label shows that baculovirus T antigen had a much lower specific activity of labeling than Cosl T antigen (Fig. 1C) . It is not clear whether the reduced phosphate incorporation was due to low turnover of phosphate in infected insect cells, the high level of T antigen expression at this late time in the infection (26), or some other factor or combination of factors.
To address the question of whether baculovirus T antigen was modified at authentic phosphorylation sites as mapped in T antigen from monkey cells, at a subset of these sites, or at completely different sites, phosphopeptide maps of baculovirus T antigen were prepared. Infected Sf9 cells were metabolically labeled with phosphate, and T antigen was purified by immunoaffinity chromatography. The purified baculovirus T antigen was digested with trypsin and pronase E by using the same procedures previously developed to map the phosphoamino acids of monkey cell T antigen (31) . Phosphopeptides were separated by electrophoresis on cellulose thin-layer plates in the first dimension, followed by ascending chromatography in the second dimension and detection by autoradiography (31) . Metabolically labeled T antigen immunoprecipitated from SV40-infected TC7 monkey cells was analyzed in parallel as a control.
Most of the phosphopeptides detected in T antigen from monkey cells were also detected in the baculovirus protein (Fig. 2) . The most striking difference between the two maps was the appearance of peptides 12 and 12' in the baculovirus T. These peptides were shown earlier to contain phosphothreonine 124 as the sole phosphoamino acid and are thought to arise through alternative pronase cleavage sites (9) . Phosphothreonine 124 is also found in peptides 11 and 7, which carry either one or two phosphoserines (120 and 123) in addition (32) . Thus, the prominence of peptides 12 and 12' relative to peptides 11 and 7 implies that the neighboring serines are less completely phosphorylated in the baculovirus T antigen than in that from monkey cells. Other less striking differences included an increased intensity of peptide 6' and decreased intensity of peptide 10 in baculovirus T antigen. Phosphopeptides 1, 3, 5, and 6 (31, 32) were too weak to be detected in either map.
Enzymatic dephosphorylation of baculovirus T antigen. The low specific activity of phosphate label in baculovirus T antigen (Fig. 1) , together with the prominence of phosphopeptides 12 and 12' (Fig. 2) , raised the question whether baculovirus T antigen may be, at least in part, underphosphorylated compared with T antigen from monkey cells. In one approach to this question, we employed alkaline phosphatase treatment of baculovirus T antigen. Alkaline phosphatase treatment has been shown to efficiently dephosphorylate all of the phosphoserine residues in T antigen, leaving only threonines 124 and 701 modified (9, 16, 37) . Alkaline phosphatase-treated T antigen from mammalian cells bound better to SV40 DNA, in particular to binding-site II (16, 23, 40 (Fig. 3A) . Cosl T antigen was treated in parallel as a control (Fig. 3B) Phosphopeptide mapping of monkey cell (A) and baculovirus (B) T antigen. T antigen was isolated from 32P04-labeled 941T-infected Sf9 cells by immunoaffinity chromatography. Tryptic and pronase E phosphopeptides of T antigen were prepared and separated on thin-layer cellulose plates by electrophoresis in the first dimension and ascending chromatography in the second dimension, exactly as described previously (31) . A phosphopeptide map of T antigen from 32P04-labeled SV40-infected TC7 monkey cells was prepared in the same manner, except that the T antigen was isolated by immunoprecipitation and denaturing polyacrylamide gel electrophoresis, followed by excision and extraction of the T-antigen band from the gel as described previously (31) . Phosphopeptides were visualized by autoradiography. A, Position of loading; +, anode; -, cathode. Peptides numbers were assigned according to previous mapping results (31) . Phosphopeptide 6' contains the same phosphoserine (Ser-112) found in peptide 6 (not observed in this experiment); these peptides appear to arise by alternative proteolytic cleavage (K.-H. Scheidtmann, unpublished data).
any of the T antigen concentrations tested (Fig. 3A) . Identical results were obtained when the alkaline phosphatasetreated T antigen was incubated first with labeled DNA fragments and then immunoprecipitated as a protein-DNA complex (not shown). Dephosphorylation of Cosl T antigen, in contrast, led to a marked increase in the amount of bound site II fragment (Fig. 3B ), in agreement with earlier reports (16, 23, 40) . Dephosphorylation also induced an increase in site I binding activity of Cosl T antigen. These results imply that baculovirus T antigen is underphosphorylated, at least at those serine residues whose modification in mammalian cells down regulates specific binding to SV40 DNA.
Phosphorylation of Thr-124. The underphosphorylation of serine in baculovirus T raised the question of whether phosphothreonine was also modified inefficiently. Phosphorylation of Thr-124 in a bacterial T-antigen peptide was shown to be catalyzed in vitro by a human homolog of the fission yeast protein kinase cdc2 (20) . Thus, it should be possible to use the cdc2 kinase to assess the phosphorylation status of Thr-124 in baculovirus T antigen. If Thr-124 is not fully phosphorylated in baculovirus T antigen, it should be a good substrate for cdc2 kinase. A purified murine homolog of the cdc2 mitotic kinase (2) was incubated with purified baculovirus T antigen and labeled ATP under phosphorylation conditions (Fig. 4B) . Histone Hi and a purified bacterial peptide, T260, containing the N-terminal 259 amino acids of T antigen were used as control substrates (Fig. 4A) . None of the proteins used as substrates showed detectable autophosphorylation activity under the conditions of the assay ( Fig.   4A and B). Histone Hi was efficiently phosphorylated by the cdc2 kinase, and T260 was phosphorylated to a much lower specific activity (Fig. 4A ), in agreement with an earlier report (20) . Two phosphorylated bands migrating at around 60 kilodaltons represent autophosphorylation of the p62 cyclin subunit of the kinase (2; L. J. Cisek and J. L. Corden, unpublished data).
Baculovirus T antigen was a relatively poor substrate for the kinase (Fig. 4B) . Approximately equimolar amounts of T260 and baculovirus T antigen were used in the phosphorylation reaction. Assuming that a single potential phosphorylation site (at Thr-124) is present on each molecule of T260 and T antigen (20) , the baculovirus protein was a very poor substrate for the kinase in comparison with the bacterial peptide.
The poor substrate activity of baculovirus T antigen for the kinase could be due to preexisting modification at the Thr-124 site or to other factors such as an unfavorable conformation of baculovirus T. Acid phosphatase treatment was previously shown to remove phosphate from Thr-124, as well as from all of the modified serine residues, but not from Thr-701 (9, 16) . If a preexisting modification at Thr-124 were responsible for the weak phosphate incorporation observed in Fig. 4B , one might expect that dephosphorylation of baculovirus T by acid phosphatase would improve its reactivity as a substrate for the cdc2 kinase. Alkaline phosphatase, on the other hand, which removes phosphate only from phosphoserine (9, 16, 37), should not affect the reactivity of T antigen as a substrate for cdc2. (Fig. 5A, lane 8 ) was phosphorylated to a seven-to eightfold higher specific activity than T antigen preincubated in phosphatase buffer in the absence of acid phosphatase (lane 6). Alkaline phosphatase pretreatment of baculovirus T antigen, on the other hand, did not increase its activity as a substrate for cdc2 kinase (Fig. SB, lanes 2 and 4) . T260, treated with and without phosphatase, was used as a control substrate. As expected for a bacterial protein, T260 pretreated with phos-A phatase was phosphorylated no better than the untreated sample (Fig. SA, lanes 2 and 4) . These results are consistent with the interpretation that preexisting phosphorylation of baculovirus T at acid phosphatase-sensitive sites is responsible for its low activity as a cdc2 kinase substrate.
The modification of a bacterial T-antigen peptide or fulllength protein by cdc2 kinase, presumably at Thr-124, resulted in increased SV40 DNA binding activity on site II (20) . If, as suggested by the experiments depicted in Fig. 4 on Thr-124, one would predict that incubation of the protein with cdc2 kinase would result in little or no increase in its DNA-binding activity to sites I and II in the SV40 control region. Baculovirus T antigen and bacterial T260, as a control substrate, were treated with or without kinase in kinase buffer and then immunoprecipitated and assayed for specific binding to SV40 DNA (Fig. 6) . The amounts of site I and site II DNA fragments bound by the kinase-treated baculovirus protein and the untreated protein were identical for each of the three different T-antigen concentrations tested (Fig. 6, lanes 1 through 6) . Even at the lowest protein-DNA ratio, which should have detected slight differ- (3 ,ug) and, as a control, bacterial T260 (1.2 ,ug) were treated with (+) or without (-) cdc2 kinase for 15 min as described in the legend to Fig. 5A , except that 200 ,uM ATP was used in a 30-,ul assay and labeled ATP was omitted. All samples were divided into portions containing 10 to 200 ng of protein as indicated and then immunoprecipitated, and SV40 DNA binding was assayed as in Fig. 3 . M, 20% of input DNA used in the binding reactions.
ences in site II binding activity, the binding activity of the kinased protein was no greater than that of the control (Fig.  6, compare lanes 1 and 4) . Identical results were obtained when the kinase reaction was carried out with a higher ATP concentration (2 mM) in the presence of an ATP regenerating system (data not shown). The kinase-treated bacterial T260 peptide bound about threefold more site II DNA fragment than the corresponding control (Fig. 6, lanes 8 and  11) , in agreement with the results of McVey and colleagues (20) . A small reduction in site I binding of T260 treated with kinase was detected in some experiments (Fig. 6, lane 12) .
DISCUSSION
In the present report, we have investigated the specificity and the extent of protein phosphorylation of SV40 large T antigen expressed from a baculovirus vector. Remarkably, the phosphopeptide map of baculovirus T antigen (Fig. 2) was qualitatively quite similar to those of T antigen from lytically infected monkey cells and mammalian cells transformed by SV40 (16, (31) (32) (33) . However, the relative intensities of the phosphopeptides in baculovirus T antigen differed quantitatively from those of bulk T antigen from mammalian cells, most dramatically in the overrepresentation of peptides 12 and 12'. Peptides 7, 11, and 12 (12') were shown to represent the same primary amino acid sequence with different patterns of phosphorylation (32, 39) . Peptides 7 and 11 contain both phosphoserine and phosphothreonine, whereas peptides 12 and 12' carry only phosphothreonine 124. Peptides 12 and 12' have also been observed as the only amino-terminal phosphopeptides remaining after dephosphorylation of T antigen by alkaline phosphatase (9, 16) , implying that removal of phosphoserine from peptides 7 and 11 caused them to comigrate with peptide 12 or 12'. The prominence of peptides 12 and 12' is thus an indication of underphosphorylation of the neighboring serine residues in baculovirus T antigen.
The results of metabolic phosphate-labeling experiments (Fig. 1) were consistent with the interpretation that baculovirus T antigen is underphosphorylated compared with mammalian cell T antigen. However, metabolic labeling is dependent on phosphate turnover, phosphate pool sizes, and other metabolic factors which may well differ between mammalian cells and insect cells in the late phase of baculovirus infection. For this reason, functional assays were employed to estimate the extent of phosphorylation of baculovirus T antigen in a semiquantitative manner. Those assays allowed us to assess the phosphorylation status of the protein independently of the incorporation of phosphate by metabolic labeling. Dephosphorylation of lytic T antigen and adenovirus T antigen by alkaline phosphatase resulted in activation of SV40 DNA binding to site II (16, 23) , but dephosphorylation of baculovirus T antigen failed to increase its already strong site II DNA-binding activity (Fig. 3) . These data indicate that those serine residues whose phosphorylation down regulates site II DNA binding and whose dephosphorylation activates site II binding are not significantly phosphorylated in baculovirus T antigen. As noted above, the prominence of phosphopeptides 12 and 12' implies that Ser-120 and Ser-123 are the major underphosphorylated sites in the baculovirus protein (Fig. 7) . The reduced intensity of peptide 10 in baculovirus T antigen suggests that Ser-677 or Ser-679 may also be underphosphorylated (31) , as shown in mutations at each of the phosphorylation sites of T antigen (36) . Replacement of Ser-679 by alanine led to a strong activation of site II DNA binding, and substitution of Ser-120 and Ser-123 by alanine induced a small increase in site II binding (36) . The phosphorylation status of some serine residues in the baculovirus protein remains uncertain, since they are present qualitatively in the phosphopeptide map (Fig. 2) , but mutations at these sites had no effect on DNA-binding activity. For example, peptides 2 and 4, which contain Ser-639 (31), were represented at normal levels in the phosphopeptide map and peptide 6', which contains Ser-112 (31; K.-H. Scheidtmann, unpublished data), was overrepresented in baculovirus T antigen (Fig. 2) .
Functional assays were also employed to probe the phosphorylation status of Thr-124 in baculovirus T. The baculovirus protein was a poor substrate for cdc2 protein kinase compared with a bacterial T antigen substrate (Fig. 4) , suggesting that Thr-124 was already nearly quantitatively phosphorylated in the baculovirus protein, an interpretation confirmed in Fig. 5 and 6 and depicted schematically in Fig. 7 .
Thus, the major phosphorylation sites in the baculovirus protein (Fig. 7) are those modified by cytoplasmic protein kinases (33) . All of the underphosphorylated serine residues in baculovirus T antigen correspond to sites of rapid phosphate turnover that are phosphorylated by nuclear kinases only (30, 33) . This result raises the question whether nuclear localization of T antigen may be defective in baculovirusinfected insect cells. Although baculovirus T antigen appeared to be nuclear in infected insect cells (26) , the morphology of the cells and the high intracellular concentration of T antigen at the time of harvest makes it difficult to rule out the occurrence of cytoplasmic T antigen (26) .
The phosphorylation state of baculovirus T antigen is also similar to that of T antigen overexpressed with an adenovirus vector (9) and to that in certain subclasses of lytic T antigen. The 5S underphosphorylated, newly synthesized T-antigen subclass, the high-salt chromatin fraction, and a fraction of lytic T antigen selected for specific SV40 DNA binding by DNA-affinity chromatography all generated phosphopeptide maps similar to that obtained from bulk baculovirus T antigen (Fig. 2 [32] ). These similarities in phosphorylation pattern suggest that bulk baculovirus T antigen, and perhaps adenovirus T antigen, may bear a functional resemblance to these minor subclasses of lytic T antigen, rather VOL. 64, 1990 4806 HOSS ET AL. than to bulk T antigen from SV40-infected or transformed cells.
Since phosphorylation of bacterial T antigen on Thr-124 was found to increase origin DNA binding and SV40 DNA replication activity, it was speculated that this modification was a key determinant for the temporal control of viral DNA replication in infected cells (20) . This idea is particularly attractive because cdc2 kinase activity is tightly associated with cell cycle control in yeast cells (reviewed in reference 25) . However, the evidence that T-antigen subclasses thought to be active in origin binding and DNA replication in infected cells are stably modified at Thr-124 but underphosphorylated at neighboring serine residues (30, 32) and that origin binding and replication activity of mammalian T antigens can be increased upon dephosphorylation of serines (9, 16, 23, 47) suggests an alternative interpretation. While phosphorylation at Thr-124 may be a prerequisite for these functions, the temporal control of site II binding and viral DNA replication may depend rather on the appearance of T-antigen molecules underphosphorylated at critical serine residues but retaining fully phosphorylated Thr-124. We propose that in SV40-infected monkey cells, the level of accumulated T antigen, the rate of T-antigen synthesis, or both may at some point in the infection begin to exceed the capacity of the cell to modify certain serine residues, resulting in the appearance of a minor subclass of underphosphorylated molecules (30, 32, 39, 46) . This subclass would thus be analogous to the bulk T antigen overexpressed in baculovirus-infected insect cells, both in the mechanism by which it arises and in its pattern of modification, and consequently in its biochemical activities. Moreover, the appearance of this underphosphorylated subclass of T antigen in infected cells may be enhanced by cell cycle-related protein phosphatase activities (47) .
Clearly, the baculovirus T-antigen phosphorylation scheme summarized in Fig. 7 can be considered only semiquantitative and remains to be confirmed by development of quantitative phosphopeptide mapping procedures. However, these data represent, to our knowledge, the first combined analysis of both the specificity and extent of phosphorylation in a protein overexpressed in the baculovirus system (21) . It will be interesting to see whether the observations made with T antigen apply in a more general way to other regulatory proteins overexpressed in insect cells, such as fos (44) , polyomavirus mT, pp6Oc-src (27) , and p53 (26) .
